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The Reactor Neutrino Anomaly

U. Wisconsin, 16t May 2013



The Reactor Antineutrino Anomaly

With Jim Friar, Gerry Garvey (LANL), Guy Jonkmans (Chalk River)

* Observed/predicted averaged event ratio: R=0.927£0.023 (3.0 0)
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The effect mostly comes from the detailed physics involved in
the nuclear beta-decay of fission fragments in the reactor



Intense Source of Neutrinos Emitted from Reactors

3 GW reactor emits about 102! antineutrinos per second
- from the beta decay of the fission fragments

E, ~0-15 MeV

Calculated antineutrino spectra from beta fits,
Equilibrium neutron fission

N /MeV-sec-fission
IS

U235 thermal fission
10° U238 fast fission
Pu239 thermal fission
Pu241 thermal fission
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Detected by Reines & Cowan via:
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Reactor Neutrino Experiments

— —> —>
Short Middle Long

Discoveries: 1.4
® Neutrino discovered in 1953-56 by {7
Reines and Cowan. -
® Short baseline expts determined 3 g
antineutrino spectrum/flux (????) %g o
< o
® Upper limit of mixing angle 0,5 to 0.4
sin?20,,<0.17 (Chooz, Palo Verde) 0
® Anti-neutrino disappearance at 0.0

KamLAND in 2003.

Current Experiments:
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® Precision Experiments on 0,5 (Daya Bay, Double Chooz, RENO)

Daya Bay:  sin?(208,;) = 0.089 £ 0.010(stat.) £ 0.005(syst.)

RENO: sin?(20,5) =0.113£0.015(stat.)£0.005(syst.)




Short Baseline Reactor Anti-Neutrino Anomaly
Early Analy5|s Deﬁat 0. 943 Current Deﬁat O 927 (3.0 0)
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* A reanalysis of the anti-neutrino spectra from fission

* "Off-equilibrium’ effects from long-lived fission fragments
* Correction to neutron mean lifetime

=> Average antineutrino signal observed/expected = 0.927+/-0.023




Beta Decay of Fission Fragments Produce Anti-neutrinos
at a Rate of ~10%2% v/sec for a 1 GW Reactor

Nuclear Reaction Chain
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* About 1000 fission fragments — neutron rich 2 oif " > B T=13d
£ Nao
< La - B T=40hr

* Most fragments -decays with several branches * A=118 0 e
oootk | 2%°U Fission o4

o Fragments St B T=T7Ss
=> About 6 v, per fission e T 1o 10 1 94\(\: B T= 19 min
= Aggregate spectrum made up of thousands of end-points e % stable



The Antineutrino Flux used in Oscillations Experiments is
from a Conversion of Aggregate Beta Spectra from ILL
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* Measurements at ILL of thermal fission
beta spectra for 23°U, 23°Pu, 241Pu
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S, (counts MeV™ fiss™)
o
o

°os, * Converted to antineutrino spectra by
fitting to 30 end-point energies, with one
o Oge average Z=46 in calculating Fermi Function

-t
=
o
L ]
N
w
wn
c
o
o
<

2 L]
10} s Hlpy o0

'8 * Use Vogel et al. ENDF estimate for 238U
T 238 ~ 7-8% of fissions =>small error
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K. Schreckenbach et al. PLB118, 162 (1985)
A.A. Hahn et al. PLB160, 325 (1989)

Sp(E)= D[4

i=1,30

S'(E,Ey)=Eypy(Ey—Ey)’ F(E,Z)(1+6,,)

FIT




Before the Anomaly

Bugey-3 measured antineutrino spectra 15 and 40 meters from reactor core

» No evidence for oscillations

» Validated ILL measurements by Schreckenbach et al.
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» Uncertainty in antineutrino spectra per fission <2%



As Burn Proceeds:

Different Combination of Isotopes Fissioning

239Py steadily grows in via:
238U+n9239U9239Np9239Pu
Followed by higher mass Pu

Percentage of the Total Number of Fissions
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This change translates into a change in the antineutrino spectrum emitted
from the beginning to the end of a burn cycle
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- | = 5% fewer detected antineutrinos after 1 yr
=> Must be taken into account in osc expts.
=> Basis of non-proliferation schemes
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Bugey-3 energy-dependent decrease after 1 year




Calculating the Flux

1. Measure thermal power in primary & secondary loop
Wy, uncertainty ~<2%, but KamLAND quote 0.6-0.7%
Uncertainty usually dominated by water flow measurement.

l N, =W, /Ef
2. Calculate number of fissions from W,
Uncertainty in N; ~ 3% quoted by AECL Ef =k, ,—-<E, > —AE/g,, + E(n,y)

E; good to ~0.5-1%

Kopeiken et al. Phys. Atom Nucl. 67 (2004) 1892 isotop es

| S(E)= > fS(E)

I

3. Reactor burn simulation to determine
what isotopes are fissioning Uncertainty ~ 2-3%, as low as <1%

!

4. Knowledge of individual antineutrino spectra for each fissioning isotope

Mention collaboration ~ 3% but shifted by +3%; Huber finds larger increase
Mention et al. PRD 073006 2011 & Mueller et al. PRC 83 (2011) 054615
Huber PRC 84 024617 (2011)



Reanalysis of Conversion from Beta to Antineutrino Spectra

- Main source of the “Reactor Neutrino Anomaly”
Th. Mueller arXiv:1101.2663; G. Mention PRD 83 (2011) 073006

prediction /ILL ref

S;(E)= Y Y, S'(EE))

i=1.known

Kinetic energy (MeV)

FIT ~ 15% unknown

=136

S'(E.E}) = Eypy(E) - Eﬁ>2<1 +8(E.Z.A))

Use correct Z, if known

Add known corrections to beta decay spectrum
» Finite nuclear size corrections
» Weak magnetism

Correct for “non-equilibrium” contributions

Correction from neutron lifetime



Allowed Beta-decay & Corrections

G,
2’

S(E,.Z,A) =—%£p E (E, - E,)*F(E,,Z,A)(1+5(E,,Z,A))

Fractional corrections beyond leading order:

O(E,,Z,A) =0 + Oy, +0p +0,,,

s = Finite size correction to Fermi function

o)
Own = Weak magnetism
o)
o)

= = Recoil correction
.4 = Radiative correction

Omitted in analysis of Schreckenbach et al.
Main source of the anomaly



The Finite Nuclear Size Correction

Normal (point-like) Fermi function:
Attractive Coulomb Interaction increases electron density at the nucleus
=> beta-decay rate increases

Finite size of Nucleus:
Decreases electron density at nucleus (relative to point nucleus Fermi function)

=> Beta decay rate decreases

Two contributions: nuclear charge density 0., () and nuclear weak densitypw(r)

3Za E m’c*
Opg = — E, -——)+
7= ope <" e Bem ot o)

<r>g=[rd’r[d’sp (F-51) p,(s)

-First moment of convoluted weak and charge densities
= 15t Zemach moment



The Weak Magnetism Correction

The interaction with the nuclear magnetic moments increases the electron density at the nucleus

J\P/L =[Qv’ jc @C]

=> beta decay rate increases

\ Affects GT transitions

@ Equivalent correction for spin-flip
component of forbidden transitions

foL:lQA"' idEC’
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oM, g,




Corrections for GT Transitions

1. Finite size of the nucleus

Vogel: (approximate) 10ZoR
Ac=_ (04 Eﬁ;R=1_2A1/3
Ohic
Friar, Holstein (ab initio):
2
c =7 - (Eﬁ -+ ); R="_(124")
2hc 27 Ey 35

2. Weak magnetism

Vogel: (approximate) _
A = 4(u, —1/2) 2E,5
3M

Friar, Holstein (ab initio): ~ 4(MV —-1/2)

E. B -E
v 6M (Egp v)




Effect of FS and MW Corrections to Spectrum using
ENDF/B-VII, and Assuming all Transitions are Allowed
Shows a Clear Anomaly
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* Obtain larger effect & stronger energy dependence than Mueller
- (Approximately) similar to P. Huber

* Linear increase in the number of antineutrinos with En>2 MeV

* Slope well defined



Many Transitions at Both Peaks of
Fission Yields are Forbidden [idssbiss

Not Fermi (0+) or GT (1+)
i.e, AL>0, An=+/-1

1o A=95 A=137
94 e - B T=14s
Sr N -
1 140
0 c§\> B T=64s
S o1t L N A~95 Peak
| 0 Br, Kr, Rb, Y, Sr, Zr mostly forbidden
S ok La = B T= 40hr
& A~118 N0 Nb, Mo, Tc often allowed GT
Ce Stahle
o001+ | 25U Fission U s
r = = S
Fragments e A~ 137 Peak
T r T r ' 94
70 90 110 130 150 170 Y\: B T=19 min Sb’ |’ Te’ Xe’ C5’ Ba’ Pr’ La
Mass number A of o4 .
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The forbidden transitions tend to dominate the high energy component of spectrum
Branching ratios high, according to ENDF/B-VII Decay Library and ENSDF




Unique Forbidden versus Non-unique Forbidden Transitions

Allowed: FermiT and Gamow-Teller ot

Forbidden: AL=0;L®S(=0)"  ,L®S(= 1Y% Ag=(-)"
Unique if L®S(=DY", eg., 2

Unique transitions only involve one operator & there is a unique shape change
e.g., 2- the phase space is multiplied by p?+g?

Non-unique transitions involve several operators & the p?+g? correction may or
may not be important —depends on nuclear structure details

Examples:

142pr  2- > 2* nice allowed shape
139Ba 7/2- > 5/2* has a shape like unique 15t forbidden



Treating the Forbidden Transitions

1. Unique 15t Forbidden

Weak Magnetism (Friar)

6w, | (pl+p)(pl/E,~E)+3pXE,-E,)
"o10M,g, | (p. + ;)

Shape change

S(E,E))=(p>+p)E,p,(E,-E,)’F(E,Z)

2. Non-unique Forbidden
— shape change is very nuclear structure dependent
Try different prescriptions
Same as allowed, same as unique, something in between



Correction Due to Forbidden Shape is Very Large
Suppresses Spectrum in Centre, Enhances it on either side
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Treatment of Forbidden Transitions Significantly
Changes the Shape of the Antineutrino Spectrum

New corrections for known unique
All other known forbidden = allowed
All unknown omitted
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In either case, role of forbidden transitions overwhelms the effects
of weak magnetism or finite size corrections



Similar Shape change Seen in an Independent Analysis
that Included Forbidden Spectral Shapes
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In this analysis all forbidden transitions were treated as unique
=> Likely to overestimate of shape change



flux*cross-section (10™*? cm’/MeV)
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Apply Corrections to Expected Detection Signal
Known Unique only versus All Forbidden & Unknown

Underestimate of Corrections
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* In both cases see larger signal below about 2.5 MeV &above about 5.0 MeV

* Treat only known uniques as unique, no anomaly at peak, slight enhancement (5%) at 6 MeV

* Treat all forbidden as unique => ~7% suppression at the peak & 15% enhancement at 6 MeV

* Reality is somewhere in between these two limits



Bugey 3 Did Not See Excess above 5 MeV
Daya Bay seems to See Effects Consistent with Corrections ?
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Status of the Reactor Anomaly

® The weak magnetism and finite size effects are the main source of
corrections that led to the anomaly

® These corrections clearly increase the antineutrino spectrum

® Forbidden transitions are 30% of the total
— Lower the spectrum from 2.5-4.5 MeV — peak area

— Increase spectrum at low (<2.5 MeV) and high energies
(>4.5MeV)

—Increase at high energies not seen in Bugey, for example

® Large uncertainty in how to treat non-unique forbidden transitions

— Uncertainty outweighs the size of the anomaly, but excess still
expected at high energies

® Requires high statistical measurement to reduce the uncertainties,
for example, Daya Bay



